Herbicidal activity of aryloxyphenoxypropionate and cyclohexanedione herbicides (graminicides) has been proposed to involve two mechanisms: inhibition of acetyl-coenzyme A carboxylase (ACCase) and depolarization of cell membrane potential. We examined the effect of aryloxyphenoxypropionates (diclofop and haloxyfop) and cyclohexanediones (sethoxydim and clethodim) on root cortical cell membrane potential of graminicide-susceptible and -tolerant corn (Zea mays L.) lines. l h e graminicide-tolerant corn line contained a herbicide-insensitive form of ACCase. l h e effect of the herbicides on membrane potential was similar i n both corn lines. At a concentration of 50 p~, the cyclohexanediones had little or no effect on the membrane potential of root cells. At pH 6, 50 p~ diclofop, but not haloxyfop, depolarized membrane potential, whereas both herbicides (50 p~) dramatically depolarized membrane potential at pH 5. Repolarization of membrane potential after remova1 of haloxyfop and diclofop from the treatment solution was incomplete at pH 5. However, at pH 6 nearly complete repolarization of membrane potential occurred after removal of diclofop. In graminicide-susceptible corn, root growth was significantly inhibited by a 24-h exposure to 1 p~ haloxyfop or sethoxydim, but cell membrane potential was unaffected. In gramincidetolerant corn, sethoxydim treatment (1 p~, 48 h) had no effect on root growth, whereas haloxyfop (1 IM, 48 h) inhibited root growth by 78%. However, membrane potential was the same in roots treated with 1 p~ haloxyfop or sethoxydim. l h e results of this study indicate that graminicide tolerance in the corn line used i n this investigation is not related to an altered response at the cell membrane level as has been demonstrated with other resistant species.
6, 50 p~ diclofop, but not haloxyfop, depolarized membrane potential, whereas both herbicides (50 p~) dramatically depolarized membrane potential at pH 5. Repolarization of membrane potential after remova1 of haloxyfop and diclofop from the treatment solution was incomplete at pH 5. However, at pH 6 nearly complete repolarization of membrane potential occurred after removal of diclofop. In graminicide-susceptible corn, root growth was significantly inhibited by a 24-h exposure to 1 p~ haloxyfop or sethoxydim, but cell membrane potential was unaffected. In gramincidetolerant corn, sethoxydim treatment (1 p~, 48 h) had no effect on root growth, whereas haloxyfop (1 IM, 48 h) inhibited root growth by 78%. However, membrane potential was the same in roots treated with 1 p~ haloxyfop or sethoxydim. l h e results of this study indicate that graminicide tolerance in the corn line used i n this investigation is not related to an altered response at the cell membrane level as has been demonstrated with other resistant species.
Aryloxyphenoxypropionate (haloxyfop and diclofop3) and cyclohexanedione (sethoxydim and clethodim) herbicides, referred to as graminicides, are used to coritrol grass weeds in certain dicotyledonous and small grain crops (Humburg et al., 1989) . There is strong evidence that the target site of these herbicides in sensitive grass species is ACCase (EC 6.4.1.2), a plastid-localized enzyme that catalyzes the ATPdependent carboxylation of acetyl-COA to form malonyl-COA (Hoppe and Zacher, 1985; Burton et al., 1987; Focke and Lichtenthaler, 1987; Rendina and Felts, 1988; Secor and Cséke, 1988) . By inhibiting ACCase of sensitive grasses, the graminicides prevent de novo fatty acid biosynthesis and thereby block fatty acid production. Resistance to the aryloxyphenoxypropionates and cyclohexanediones in dicots is due to the presence of a herbicide-insensitive form of ACCase (Burton et al., 1989) . Some grasses (e.g. wheat) are tolerant to these herbicides because they can metabolize them (Shimabukuro, 1990) . Other grasses are resistant because they contain a resistant form of ACCase. Diclofop resistance in a Lolium multiflorum biotype selected under field conditions is due to the presence of a resistant form of ACCase Gronwald et al., 1992) . Furthermore, in corn (Zea mays L.) lines selected for resistance to sethoxydim and haloxyfop in cell culture, resistance was correlated with the presence of a resistant form of ACCase (Parker et al., 1990a) . Graminicide resistance in the tolerant corn lines was encoded by a single, partially dominant nuclear gene (Parker et al., 1990a; Marshall et al., 1992) . Furthermore, tolerance expressed at the whole plant level co-segregated with tolerante at the level of ACCase.
For the aryloxyphenoxypropionic acid diclofop, an alternative mechanism of action has been proposed. According to this hypothesis. the herbicidal activity of diclofop is due to its ability to disrupt the proton motive force across the plasma membrane. Init:ially, it was proposed that this effect was due to the ability of diclofop to act as a protonophore in the plasma membrane (Wright and Shimabukuro, 1987) . More recently, this hypothesis has been revised to indicate that the collapse of the proton motive force in response to diclofop treatment is due to the specific interaction of diclofop with a plasma membrane protein (Shimabukuro and Hoffer, 1992) . Evidence that diclofop acts at the membrane level is based on the ability of this herbicide and other aryloxyphenoxypropionate herbicides to depolarize cell E, in a number of susceptible species (Lucas et al., 1984; Wright and Shimabukuro, 1987; Holtum et al., 1991) . Diclofop also dissipates the proton gradient across the tonoplast (Ratterman and Balke, 1989) . Additional support for this hypothesis comes from studies conducted with a Lolium rigidum biotype (SLR 31) that is resistant, to certain aryloxyphenoxypropionate and cyclohexanedione herbicides. Resistance in this biotype is not due to a modification in herbicide uptake, metabolism, or the presence of a tolerant form of ACCase . Instead, resistance is correlated with an altered herbicide response at the plasma membrane. Holtum et al. (1991) and Hausler et al. (1991) demonstrated that diclofop (50-100 p~) depolarized E, in resistant and susceptible Lolium biotypes.
However, repolarization of E, after removing the herbicide from the treatment solution only occurred for the resistant biotypes. How repolarization of E, after herbicide removal in resistant biotypes is related to resistance under field conditions is not understood.
Evidence that the mechanism of action of the aryloxyphenoxypropionic acids in corn and oat tissue is not related to their effects on E, was provided by DiTomaso et al. (1991) .
They demonstrated that diclofop concentrations that completely inhibited corn (0.8 FM) or oat (0.2 p~) root growth did not depolarize the E, of root cortical cells of either species. Furthermore, 100 p~ diclofop not only depolarized the E , of sensitive corn but it also rapidly depolarized E, in pea (Pisum sativum L.), a species highly resistant to these herbicides.
They concluded that a differential response to diclofop at the membrane level cannot account for the selective phytotoxicity of this herbicide in grasses. Furthermore, it was suggested that the effect of diclofop on membrane electrical properties observed at high concentrations (100 PM) was probably unrelated to its primary mechanism of action.
In the work reported here, we compared the effects of selected aryloxyphenoxypropionate (haloxyfop, diclofop) and cyclohexanedione (sethoxydim, clethodim) herbicides on root cell E, in a graminicide-susceptible and a graminicide-tolerant corn line that contains a herbicide-insensitive form of ACCase. These corn lines provided a unique system in which to study the significance of the membrane response. Results indicate that, regardless of herbicide concentration or externa1 pH, the response to clethodim, sethoxydim, haloxyfop, and diclofop at the membrane level is similar in both tolerant and susceptible corn lines. This suggests that a differential membrane response is not involved in the mechanism of graminicide resistance in the corn line used in this study.
MATERIALS AND METHODS

Plant Material
Seeds of graminicide-tolerant corn (Zea mays L.), homozygous for the Accl-S2 allele (Marshall et al., 1992) ,. were obtained by self-pollinating plants regenerated from tissue culture (Parker et al., 1990b) . These seeds and seeds of graminicide-susceptible corn (cv B73) were surface sterilized for 10 min in 0.5% NaOCl and rinsed for 10 min in deionized water. Seeds were germinated for 3 d in the dark at room temperature on filter paper saturated with 0.2 mM 1CaCl2. Three seedlings of tolerant or susceptible corn were transferred into polyethylene cups and covered with black polyethylene beads. Each cup contained a mesh bottom (3 mm) to allow for root penetration. Five cups were placed into holes in lids of 0.8-L black polyethylene containers fillecl with aerated 0.2 mM CaC12. Seedlings were grown in a growth chamber at 22OC under a continuous light intensity of 400 pmol m-2 s-' for an additional 2 d. The primary roots of intact corn seedlings were used in the electrophysiology experiments.
Chemicals
Analytical grade clethodim (97% purity) provided by Chevron Chemical Co., sethoxydim (98.5% purity) prcvided by BASF Corp., diclofop [racemic mixture of (X+) and (S-), 98.8% purity] provided by Hoechst-Roussel Agri-Vet Co., and haloxyfop-methyl [racemic mixture of (R+) and (S-), 99.8% purity] provided by Dow Chemical were used in these studies. The free acid form of haloxyfop-methyl was produced by base hydrolysis (Burton et al., 1989) .
Electrophysiology Studies
The protocol used to study E , was previously described by Kochian et al. (1989) . In brief, an intact corn seedlinj, 7 was placed into a Plexiglas chamber attached to the stage of an Olympus compound microscope. The microscope was mounted on a vibration-damped table (Kinetic Systems Inc., Roslindale, MA). Each seedling was bathed with 0.2 mM CaC12 in a 5 mM Mes-Tris buffer (pH 6.0 or 5.0). Acetone (0.05%) or ethanol (0.01-0.05%) was added as a solvent blank, depending on the subsequent herbicide treatment solution. The roots were allowed to equilibrate for 30 min. E , was measured using a WPI model KS-700 amplifier (World Precision Instruments, Inc., Sarasota, FL) and microelectrodes (tip diameter of 0.5 pm) made from single-barreled borosilicate glass tubing and filled with 3 M KCl (adjusted to pH 2 to reduce tip potentials). Cortical cells were impaled using a hydraulically driven Narashige micromanipulator (rnodel MO 204; Narashige USA, Sea Cliff, NY) mounted o11 the microscope stage. Reference electrodes (micropipettes filled with 3 M KCl) were placed in the solution distant frorn the root to minimize contamination of K+ diffusing from the reference electrodes.
Before the initiation of herbicide treatments, root health was evaluated by measuring the effect of 50 PM KCl on the electrical properties of the high-affinity K+ transport system (Kochian et al., 1989) . The K+-induced depolarization ol' root E, was consistently between 50 and 80 mV, which is indicative of a "normal" root. After a steady-resting potential was recorded, the bathing solution was slowly replaced with a solution containing 1 or 50 PM sethoxydim (in 0.05% ethanol), clethodim (in 0.01 % ethanol), haloxyfop (in 0.05% ethanol), or diclofop (in 0.05% acetone) in 0.2 mM CaC12 at pH 6.0 or 5.0.
Measurements of cortical cell E, were made at two to three locations (cells) on the primary roots of two seedlings of each corn line. A11 impaled cells were approximately 2 cm from the root apex. The E, traces (Figs. 1-4 ) in response to the herbicide treatment are representative data of experiments conducted at least twice with similar results.
Root Crowth and E,,,
Seeds of graminicide-tolerant and -susceptible corn were germinated and grown hydroponically in a growth chamber as described above. For each phenotype, four to five seedlings were transferred into polyethylene cups containing mesh bottoms and covered with black polyethylene beads. Five cups (with seedlings) were placed into holes in lids of 0.8-L containers that contained aerated 0.2 mM CaC12 plus 0.05% ethanol, or 0.2 mM CaC12 plus 1 PM sethoxydim (in 0.05% ethanol), or haloxyfop (in 0.05% ethanol). A11 solutions were adjusted to pH 6 at the initiation of the treatment. No significant differences in solution pH occurred during the course of the experiment. Plants were removed O, 24, and 48 h after treatment, and primary root length of 15 plants and E, of 4 plants were measured from each phenotype. Data are reported as means (+sD) of a11 data points for each treatment.
RESULTS
The cyclohexanediones, sethoxydim and clethodim, had little or no effect on root cell E, of graminicide-tolerant and -susceptible corn lines. Small changes (10-15 mV) in E, sometimes occurred upon changing the chamber solutions, but these were attributed to perturbations caused by a change in flow rate and were not considered significant. At pH 6, sethoxydim at 1 PM (data not shown) or 50 PM (Fig. 1A) did not depolarize E, in either corn line. At pH 5, 50 PM sethoxydim caused a slight depolarization in both tolerant and susceptible lines, which completely recovered when the herbicide was removed (Fig. 1B) . Similarly, clethodim had little or no effect on corn root cell E, at 1 or 50 PM at pH 6 (data not shown) or at 50 PM at pH 5 (Fig. 1C) .
Compared to the cyclohexanediones, the aryloxyphenoxypropionic acids were more effective in depolarizing cell E, . However, there was no difference in the response of susceptible and tolerant corn lines. Haloxyfop (50 PM, pH 5.0) depolarized E, from 75 to 95 mV in both the tolerant and susceptible lines (Fig. 2B ). Partia1 recovery of E, (28-41 mV) was observed when haloxyfop was removed from the externa1 solution. Haloxyfop at 1 PM (pH 5 and 6, data not shown) or 50 PM at pH 6 ( Fig. 2A) did not have a significant effect on E, of either corn line. In both susceptible and tolerant lines, diclofop (1 PM, pH 6 and 5) had little or no effect on E, (data not shown). At pH 6, 50 PM diclofop depolarized E, by 65 to 70 mV in both corn lines (Fig. 3A) . After diclofop was removed, the E, recovered to within 10 mV of the initial resting potential. At pH 5, 50 PM diclofop depolarized E, by 90 to 100 mV in both corn lines, but E, only partially recovered (35-55 mV) after herbicide remova1 (Fig. 3B) . Primary root growth of the graminicide-susceptible corn line was completely inhibited by 1 PM sethoxydim or haloxyfop after a 24-h treatment in hydroponic solution (Fig. 4A) . Although root growth was completely inhibited by this treatment, the resting potential of the herbicide-treated roots was not different from roots of untreated plants (Fig. 5A) . After a 48-h treatment, the E, in the herbicide-treated roots of the susceptible biotype was somewhat lower (less negative) than that of untreated roots but not significantly different from the initial measurements before tieatment (Fig. 5A ).
At the whole plant level, the tolerant corn line is approximately 30-fold more tolerant of sethoxydim than it is of haloxyfop. This differential response was also observed in roots during hydroponic exposure to these herbicides. Root growth of the tolerant corn line exposed to 1 PM haloxyfop was inhibited 78% after 48 h (Fig. 4B) . In contrast, a 48-h exposure to 1 PM sethoxydim did not inhibit root growth. Despite the differential effect of these herbicides on root growth of the tolerant corn line, no differences among treatments were measured in the E , after a 48-h exposure to haloxyfop or sethoxydim (Fig. 5B) . These results suggest that inhibition of root growth caused by these herbicides is not due to a depolarization of E, , , .
DISCUSSION
Compared to the susceptible corn lines, the graminicidetolerant corn line used in this study was 360-, 59-, 11-, and 5-fold more tolerant of sethoxydim, diclofop, haloxyfop, and clethodim, respectively (Dotray, 1993) . A similar trend in herbicide response was observed in the tolerant and susceptible line at the level of ACCase. Based on values of herbicide concentrations causing 50% inhibition in enzyme activity, ACCase activity isolated from the graminicide-tolerant corn line was 250-, 63-, 8-, and 5-fold less sensitive to sethoxydim, haloxyfop, diclofop, and clethodim, respectively, compared to sethoxydim-susceptible'corn (Dotray, 1993) . In contrast, the results of this study demonstrate that the graminicidetolerant corn did not exhibit an altered membrane response to these herbicides. The response of root cortical cell E, to these herbicides was similar in both susceptible and tolerant corn lines. We conclude that a modification of response to these herbicides at the membrane level is not involved in the expression of graminicide tolerance that is observed in this corn line in the field and greenhouse (Marshall et al., 1992; Dotray, 1993) .
For the aryloxyphenoxypropionate herbicides examined in this study, both the magnitude of membrane depolarization and the degree of repolarization following remova1 of the herbicides was closely correlated with the externa1 pH of the treatment solution. At pH 5 , the depolarization of E , was greater and the recovery not as complete as at pH 6. Slmilar relationships between lower pH and greater depolarization of E, were reported in giant alga1 cells of Chuva (Lucas et al., 1984) and in excised coleoptiles of oat and wheat treated with 100 PM diclofop (Wright and Shimabukuro, 1987) . These results suggest that the undissociated form of the herbicide plays an important role in the observed membrane response. Diclofop and the other herbicides (sethoxydim, clethodim, haloxyfop) used in this study are weak acids with acid dissociation constant values ranging from 3.57 to 4.60 (Couderchet and Retzlaff, 1991; DiTomaso, 1993 ; personal communications with Dr. Eric Bruce, Chevron Chemical Co., and Dr. John Hunter, Dow Chemical USA). Hence, the amount of the herbicide in the undissociated form would have been 10-fold greater at pH 5 compared with pH 6. Wright and Shimabukuro (1987) hypothesized that diclofop exerts its herbicidal phytotoxicity on membranes by act- Shimabukuro and Hoffer (1992) , who suggested that diclofop interacts with a specific plasma membrane-associated protein to increase proton influx leading to membrane depolarization. Based on this hypothesis, a membrane response should not occur in highly resistant dicotyledonous species at comparable concentrations. However, DiTomaso et al. (1991) reported that 100 PM diclofop caused the same degree of depolarization of E, in diclofop-susceptible corn and diclofop-resistant pea. Furthermore, they showed that a 96-h exposure to 0.8 HM diclofop completely inhibited corn root growth but did not depolarize root cortical cell E, . Similarly, we found that a low concentration (1 PM) of both sethoxydim and haloxyfop inhibited root growth in the susceptible corn line but had no effect on cortical cell E, .
It is possible that the depolarization of E , observed at relatively high herbicide concentrations (50-100 PM) in this and other studies (Wright and Shimabukuro, 1987; Hausler et al., 1991; Holtum et al., 1991; Shimabukuro and Hoffer, 1992 ) is due to the partitioning of the undissociated form of the herbicide into membranes. This may account for the pH dependence of the membrane response because these herbicides are weak acids. The partitioning of relatively high concentrations of the nondissociated form of the weak acid herbicides into the plasma membrane would likely disrupt membrane integrity, resulting in membrane depolarization. The demonstration of the nonselective effect of the graminicides (particularly the aryloxyphenoxypropionic acids) on the E,,, of susceptible and tolerant species (Figs. 1-3, and 5; DiTomaso et al., 1991) suggests that the membrane effect reported for these herbicides does not play an important role in their herbicidal activity under field conditions.
